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Abstract

Background—This study determined whether relaxin or matrix metalloproteinase (MMP)-9
influences angiotensin 11 (Angll)-induced abdominal aortic aneurysms (AAA).

Methods and Results—Male C57BL/6 or apolipoprotein E™~ mice were infused with Angl|
with or without relaxin. Relaxin did not influence Angll-induced AAA in either mouse strain.
Infusion of Angll reduced, but relaxin increased, MMP-9 mRNA in macrophages. We then
determined the effects of MMP-9 deficiency on AAA in apolipoprotein E~/~ mice. MMP-9
deficiency led to AAA formation in the absence of Angll, and augmented Angll-induced aortic
rupture and AAA incidence.

Conclusions—MMP-9 deficiency augmented Angll-induced AAA.
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Relaxin, a peptide hormone in the insulin family, has spawned interest as a therapeutic for
heart failure.1 Relaxin elevates matrix metalloproteinase (MMP)-9 expression in certain cell
types.2 MMP-9 is associated with abdominal aortic aneurysms (AAA).3-6 Our initial
purpose was to determine whether relaxin augments angiotensin (Ang) Il-induced AAA
through an MMP-9-mediated mechanism. Relaxin did not augment Angll-induced AAA,
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although it increased MMP-9 mRNA abundance in the macrophages of Angll-infused mice.
We then determined whether MMP-9 genetic deficiency influenced Angll-induced AAA.

Results

No Augmentation of Angll-Induced AAA by Relaxin

To determine whether relaxin increases Angll-induced AAA, we first used male C57BL/6
mice because the incidence of Angll-induced AAA is low in this mouse strain.” Four groups
of mice were infused with: (1) vehicle, (2) Angll, (3) Angll and relaxin 0.3 mg/kg/day, and
(4) Angll and relaxin 0.6 mg/kg/day. Detection of plasma relaxin concentrations by ELISA
were confirmed in mice infused with either dose of relaxin. Two mice died of aortic rupture
(n=2/12, 17%) in mice infused with Angll alone, but no aortic rupture-induced deaths were
observed in the other 3 groups. Angll infusion led to AAA formation, but neither dose of
relaxin augmented incidence of Angll-induced AAA (Figure 1A).

To rule out the possibility that relaxin may reduce Angll-induced AAA, male apolipoprotein
(Apo)e™~ mice, a common mouse model for studying Angll-induced AAA,”8 were infused
with: (1) vehicle, (2) Angll, (3) Angll and relaxin 0.1 mg/kg/day, and (4) Angll and relaxin
0.6 mg/kg/day. Death from aortic rupture was 0%, 13% (n=2/16), 7% (n=1/14), and 20%
(n=3/15) in the vehicle, Angll, Angll and relaxin 0.1 mg/kg/day, and Angll and relaxin 0.6
mg/kg/day groups, respectively. Relaxin did not affect body weight or systolic blood
pressure in mice infused with Angll. Angll infusion led to AAA formation, but neither dose
of relaxin influenced the incidence of Angll-induced AAA (Figure 1B).

To determine whether relaxin influences MMP expression, we performed two short term
studies: (1) saline or Angll was infused for 7 days, and (2) Angll alone or Angll and relaxin
were infused for 7 days. Angll infusion led to reductions of MMP-9 mRNA abundance, but
co-infusion of relaxin with Angll significantly increased MMP-9 mRNA abundance in
peritoneal macrophages (Figure 1C), but not in suprarenal aortas.

MMP-9 Deficiency Augmented Angll-Induced AAA

To determine the effects of MMP-9 on AAA formation, Mmp9*/* and Mmpd™~ mice in an
Apoe™~ background were infused with either saline or Angll for 28 days. MMP-9
deficiency had no effect on body weight or Angll-induced high blood pressure. None of the
saline-infused mice died. In the Angll-infused groups, 2 of 21 (10%) Mmp9*/* mice and 11
of 26 (42%) Mmp9~~ mice died of aortic rupture (Figure 2A). Surprisingly, 4 of 14 (29%)
saline-infused Mmp9~~ mice developed AAA. Angll infusion had a significant effect on the
incidence of AAA. Incidence of AAA between the 2 Mmp9 genotypes was also significantly
different in both saline-infused and Angll-infused mice (Figure 2B).

Discussion

The initial purpose of this study was to evaluate the effects of relaxin in Angll-induced
AAA. Relaxin had no effect on Angll-induced AAA formation in either C57BL/6 or Apoe
~~mice. Relaxin and AnglI synergistically increase MMP-9 secretion from prostate tumors.
9 In our study, relaxin increased the mRNA abundance of MMP-9 in macrophages, but not in
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the suprarenal aorta of Angll-infused mice. Although many studies have demonstrated
beneficial effects of relaxin in heart failure,! a recent study reported that relaxin had no
effect on Angll-induced pathologies.1? Therefore, relaxin may have complex roles in Angll-
mediated MMP-9 expression and cardiovascular diseases.

The most interesting finding was that MMP-9 genetic deficiency in hypercholesterolemic
mice induced AAA formation in the absence of Angll. Furthermore, MMP-9 deficiency
increased the incidence of aortic rupture and AAA in Angll-infused mice. This finding
contradicted previously reported studies that MMP-9 deficiency attenuates elastase or
calcium chloride-induced AAA.4> Apparent differences between the reported studies and
ours are the different manipulations in different mouse strains. In the reported studies,
elastase? or calcium chloride® was applied directly to infrarenal aortas of
normocholesterolemic mice. In our study, hypercholesterolemic mice were infused
subcutaneously with either saline or Angll. Hypercholesterolemia augments Angll-induced
AAA.” However, this does not explain why MMP-9 deficiency in the saline-infused mice
also induced AAA, because saline infusion itself does not lead to AAA in mice.

Differences in the genetic background of mouse strains may contribute to differences in
experimental outcomes.!! The Mmp9~~ mice used in previously reported studies*> and in
our study were originally developed in a mixed background,2 which was further
complicated by different breeding approaches in different institutes. Mmp9~~mice used in
elastase- or calcium chloride-induced AAA models were described as 129/SVEv,*° whereas
in our study Mmp9~~ mice were on a mixed background of 129/SvEv and C57BL/6.
However, it is unclear whether and how the genetic differences of these mice contributed to
the conflicting findings.

Despite being born grossly normal, Mmp9~~ mice have abnormal development of growth
plates in their long bones, including delayed vascularization and ossification.12 MMP-9
depletion impairs collagen organization and angiogenesis, as well as smooth muscle cell
migration and the capacity to contract collagen, indicating that its absence may have
detrimental effects on repairing abnormal vascular constructs.13 Consistent with our
findings, Aikawa’s group has reported that genetically engineered resistance for MMP
collagenases augments Angll-induced AAA, although accumulation of collagen in the aortic
adventitia is enhanced.1* Because new collagen biosynthesis is impaired in human AAA,1®
it is possible that MMP-9 deficiency impairs the integrity of vascular constructs. Angll
infusion into Mmp9~~ mice may accelerate the process of damaging vascular integrity,
thereby augmenting AAA and increasing the aortic rupture risk. Our study and those
reported by Aikawa’s group4 highlight the need for additional work to solidify the role of
MMP-9 under different conditions and stages of AAA, and address the translation of
different animal models to the human disease.
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Relaxin did not influence Angll-induced abdominal aortic aneurysm (AAA) in C57BL/6 or
Apoe™~ mice. Incidence of AAA in male C57BL/6 (A) or Apoe™~ (B) mice was determined
by maximal aortic width >50% of saline-infused mice or death from abdominal aortic
rupture (n=7-16/group). Statistical significance was determined by Fisher’s exact test.
*P=0.001, 0.007, and 0.02 vs. Angll alone, Angll and relaxin 0.1 mg/kg/day, and Angll and
relaxin 0.6 mg/kg/day, respectively. (C) mRNA of MMP-9 in peritoneal macrophages were
compared between mice infused with saline vs. Angll (L eft) and mice infused with Angll
vs. Angll and relaxin (Right). *P<0.05 by Mann-Whitney rank sum test. Ang, angiotensin;

MMP, matrix metalloproteinase.
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MMP-9 deficiency increased both the rate of aortic rupture and the incidence of AAA in
Angll-infused mice. (A) Kaplan-Meier curves of survival. Death from aortic rupture was
confirmed at necropsy (n=14-26/group). Aortic rupture rate was analyzed with Fisher’s
exact test. P=0.0004 between saline and Angll infusion. In Angll-infused mice, P=0.02
between Mmp9*/* and Mmp9™~ mice. In Mmp9~~ deficient mice, P=0.004 between saline
and Angll infusion. (B) Incidence of AAA was determined by maximal aortic width >50%
of saline-infused Mmpg*’* mice or death from aortic rupture (n=14-26/group). P=0.02
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between the 2 MMP-9 genotypes, and P<0.0001 between saline and Angll infusion by
Fisher’s exact test. Abbreviations as in Figure 1.
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